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Abstract. A multifunctional waist rehabilitation bed is designed for the traction therapy of human 
spine and gait rehabilitation training. The rehabilitation bed has four degrees of freedom, the 
rotation in the 𝑥, 𝑦, and 𝑧 axis, and the movement in the 𝑧 axis, which realizes traction treatment 
of lumbar spine rotation around coronal axis, vertical axis, sagittal axis and gait rehabilitation 
training. Considering the stability and safety during the rehabilitation process, the kinematic 
model of coronal-axis-rotation part, vertical-axis-rotation part and rehabilitation bed are 
established. Using MATLAB, the model and numerical simulation were carried out to obtain the 
curve of joint change when the waist rehabilitation bed was used for different functions, which 
verifies the effectiveness of the mechanism. 
Keywords: waist rehabilitation, traction therapy, gait rehabilitation training, D-H coordinate, 
kinematic analysis. 
1. Introduction 
With the increasingly serious global aging problem and the occurrence of various diseases, 
sports injuries and traffic accidents, the number of patients with lumbar or gait impairment has 
increased significantly [1]. In addition to early surgical treatment and necessary medical treatment, 
the study found, most patients early in the illness after non-surgical therapy can achieve an 
effective therapeutic effect [2]. Traction therapy and gait rehabilitation are common non-surgical 
therapies. Traction therapy applies force and reaction force to the spine to achieve separation of 
the articular surface, stretching the surrounding soft tissue and changing the angle or line between 
the bone structures [3, 4]. Gait rehabilitation training aims to achieve waist rehabilitation training 
by simulating the gait trajectory of the lower limbs of the human body [5]. 
Since the traction therapy is simple, widely applicable crowd characteristics, can be widely 
used in ordinary homes, nursing homes and rehabilitation hospitals, have great economic value. 
A large number of medical device companies have conducted research on traction beds. Lojer 
designed Manuthera 242 [6], the Mobility treatment can be carried out 3-dimensionally using the 
traction, flexion, lateral flexion and rotation features of the table, as well as gravity. Yin [7] 
designed a cable-pneumatic-muscle hybrid-driven waist rehabilitation robot for human waist and 
gait rehabilitation training, which enhanced the adaptability and safety to the patient. 
A multifunctional waist rehabilitation bed designed in this paper combines traction therapy 
and gait rehabilitation training. In order to achieve the above functions, the rehabilitation bed has 
four degrees of freedom, the rotation in the 𝑥, 𝑦, and 𝑧 directions, and the movement in the 𝑧 
direction, which realizes traction treatment of lumbar spine rotation around coronal axis, vertical 
axis, sagittal axis and gait rehabilitation training. 
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2. Mechanical structure design  
2.1. Functional analysis 
In this paper, a 4R waist rehabilitation bed is designed. The role of each function is shown in 
Table 1. 
Table 1. Waist rehabilitation bed function table 
Function Treatment 
Coronal-axis-rotation 
a) When the nucleus pulposus protrudes backward (including left,  
right and central protrusions), it inclines downward. 
b) When the nucleus pulposus protrudes into the abdominal cavity,  
which is very rare in this patient, it inclines upward 
Vertical-axis-rotation Scoliosis caused by left and right lumbar disc herniation 
Sagittal-axis-rotation Scoliosis caused by left and right lumbar disc herniation 
Gait rehabilitation 
training 
Promote central nervous system control of walking function, improve lower 
limb movement, sensory function, and correct abnormal gait of patients [7] 
2.2. Structural design 
From Table 1, it is concluded that the waist rehabilitation bed requires four degrees of freedom. 
Fig. 1 shows a three-dimensional model of the bed. The designed mechanism includes coronal 
axis rotation part, sagittal axis rotation part, vertical-axis-rotation part and vertical axis movement 
part. The sagittal axis rotation parts are directly driven by the motor with reducer, which achieve 
the rotation around sagittal axis. The coronal-axis-rotation part and vertical axis rotation parts use 
the crank rocker mechanism, and the push rod motor is the active part, which has the 
characteristics of large thrust, stable movement and controllable speed. The forward and backward 
moving traction parts are composed of roller screw mechanism, which has the characteristics of 
smooth movement, high transmission efficiency, good synchronization and high precision. 
 
Fig. 1. Mechanical structure of waist rehabilitation bed 
3. Kinematic analysis 
3.1. Kinematics analysis of coronal-axis-rotation and vertical-axis-rotation 
The coronal-axis-rotation and vertical-axis-rotation parts are connected by a push rod motor 
to move the bed body. Structure sketch of mechanism is shown as Fig. 2. 𝑙ଵ represents the distance 
between the bed’s rotating joint and the motor’s fixed position on the bed. 𝑙ଶ  represents the 
distance between the bed’s rotating joint and the motor’s fixed position of on the axis. 𝑙ଷ 
represents the length of the push rod motor. 𝜑ଵ represents the rotational angle of the bed. 𝜔ଵ 
represents the rotational speed of the bed. 𝑎ଵ represents the rotational acceleration of the bed. 
From the triangle cosine theorem, there are: 
𝑙ଷଶ = 𝑙ଵଶ + 𝑙ଶଶ − 2𝑙ଵ𝑙ଶcos𝜑ଵ. (1) 
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Eq. (1) derives the time, and organizes it to obtain 𝜔ଵ, as in: 
𝜔ଵ =
𝑙ଷ𝑣ଷ
𝑙ଵ𝑙ଶsin𝜑ଵ. (2) 
Eq. (2) derives the time, and organizes it to obtain 𝑎ଵ, as in: 
𝑎ଵ =
ሺ𝜔ଶ𝑙ଵ𝑙ଶ𝑙ଷcos𝜑ଵ − 𝑣ଷ𝜔𝑙ଵ𝑙ଶsin𝜑ଵሻ
𝑙ଷଶ . 
(3) 
 
 
Fig. 2. Schematic diagram of mechanism 
 
Fig. 3. D-H link coordinate system 
3.2. Kinematics analysis of rehabilitation bed 
Robot’s kinematics analysis and solution are the basis of mechanism design, performance 
analysis and control, which include forward kinematics and inverse kinematics [8]. According to 
the 3D model of 4R rehabilitation bed in Fig. 1, each link coordinate system manipulator can be 
obtained in Fig. 3. 
In Fig. 3, the bed’s D-H link parameters established by using the D-H method are shown in 
Table 2. 
Table 2. Rehabilitation bed’s D-H connecting rod parameter 
Joint number 𝜃 (°) 𝑑(mm) 𝑎 (mm) 𝛼 (°) 
0-1 𝜃ଵሺ0ሻ 0 0 90 
1-2 𝜃ଶሺ90ሻ 0 0 90 
2-3 𝜃ଷሺ0ሻ 0 0 90 
3-4 0 𝑑ସ 0 90 
According to [9], get each link coordinate system as follows: 
𝐴ଵ = ൦
𝑐ଵ 0
𝑠ଵ 0
𝑠ଵ 0
−𝑐ଵ 0
0   1
0   0     
0 0
0 1
൪,    𝐴ଶ = ൦
𝑐ଶ 0
𝑠ଶ 0
𝑠ଶ 0
−𝑐ଶ 0
0   1
0   0     
0 0
0 1
൪, 
𝐴ଷ = ቎
𝑐ଷ −𝑠ଷ
𝑠ଷ 𝑐ଷ
0  0
0  0
0  0
0    0
1  0
0  1
቏,   𝐴ସ = ቎
1 0
0 1  
0  0
0  0
0  0
0  0   
 1  𝑑ସ
 0 1
቏. 
(4) 
In the Eq. (4), 𝑠௜ = sin𝜃௜, 𝑐௜ = cos𝜃௜. 
Each connecting rod transformation matrix is multiplied, the rehabilitation bed’s 
transformation matrix 𝐴ଵସ can be got, as in Eq. (5): 
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⎩
⎪⎪
⎪⎪
⎪
⎨
⎪⎪
⎪⎪
⎪
⎧ 𝑛௫ = 𝑠ଵ𝑠ଷ + 𝑐ଵ𝑐ଶ𝑐ଷ,𝑛௬ = 𝑠ଵ𝑐ଶ𝑐ଷ − 𝑐ଵ𝑠ଷ,   
𝑛௭ = 𝑠ଶ𝑐ଷ,                    
𝑜௫ = 𝑠ଵ𝑐ଷ − 𝑐ଵ𝑐ଶ𝑠ଷ,   
𝑜௬ = −𝑐ଵ𝑐ଷ − 𝑐ଶ𝑠ଵ𝑠ଷ,
𝑜௭ = −𝑠ଶ𝑠ଷ,                  
𝑎௫ = 𝑐ଵ𝑠ଶ,                    
𝑎௬ = 𝑠ଵ𝑠ଶ,                    
𝑎௭ = −𝑐ଶ,                     
𝑝௫ = 𝑑ସ𝑐ଵ𝑠ଶ,               
𝑝௬ = 𝑑ସ𝑠ଵ𝑠ଶ,               
𝑝௭ = −𝑑ସ𝑐ଶ.                 
 (5) 
The inverse kinematics of the manipulator describes the mapping of end effector’s the 
Cartesian space to the joint space [14]. The inverse solution is to calculate the joint variables, such 
as 𝜃ଵ, 𝜃ଶ, 𝜃ଷ, 𝑑ସ, when the end position of the joint is known. The joint variables are solved as 
follows: 
⎩
⎪
⎨
⎪
⎧𝜃ଵ = 𝑎tan2൫𝑝௬, 𝑝௫൯,                                    
𝜃ଶ = 𝑎tan2൫𝑝௫𝑐ଵ + 𝑝௬𝑠ଵ, −𝑝௭ ൯,              
𝜃ଷ = 𝑎tan2൫𝑛௫𝑠ଵ − 𝑛௬𝑐ଵ, 𝑜௫𝑠ଵ − 𝑜௬𝑐ଵ൯,
𝑑ସ = ටሺ𝑝௭ሻଶ + ൫𝑝௫𝑐ଵ + 𝑝௬𝑠ଵ൯ଶ.              
 (6) 
4. Numerical results and analysis 
4.1. Simulation of oscillating slider mechanism 
In this paper, the sagittal-axis-rotation and vertical axis movement parts are directly driven by 
the stepping motor, which can run smoothly. The coronal axis rotation and vertical axis rotation 
parts is driven by push rod motor, which form the oscillating slider mechanism. Installation 
parameters of two push rod motors are shown in Table 3. 
Table 3. Installation parameter table of push rod motor 
Function 𝐿ଵ / mm 𝐿ଶ / mm Motor parameter 
Coronal-axis-rotation 200 200 Push rod motor initial length 250 mm, stroke 100 mm Vertical-axis-rotation 225 200 
The length variation of the push rod motor is simulated by MATLAB in two motion modes, 
as shown in Fig. 4(a). The variation laws of bed’s the speed and acceleration are obtained, as 
shown in Fig. 4(b) and (c). 
4.2. Simulation of gait rehabilitation 
According to the requirement analysis of gait rehabilitation training, when normal people twist 
their waist, the trajectory of pelvic center approximates a circle, and the motion plane is horizontal. 
The trajectory equation is as follow: 
൜𝑥 = 𝐴sin𝑇,𝑦 = 𝐴cos𝑇. (7) 
Among them, 𝑥 is displacement along sagittal axis, 𝑦 is displacement along coronal axis, 𝐴 is 
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amplitude of motion, 𝑇 is a period of motion. 
According to the Chapter 3, the kinematic model of the waist rehabilitation bed combined with 
the trajectory Eq. (7), the schematic diagram is obtained by using MATLAB simulation, as shown 
in Fig. 5. 
 
a) 
 
b) 
 
c) 
Fig. 4. Motion diagram: a) push rod motor’s length variation,  
b) bed’s speed variation, c) bed’s acceleration variation 
 
Fig. 5. Gait trajectory simulation 
The joint variables of each joint in the waist rehabilitation bed are calculated by inverse 
kinematics with known motion trajectories. The velocity and acceleration of joint 𝑞ଵ, 𝑞ଶ and 𝑞ଷ 
can be obtained by the first and second derivation of joint variable with time 𝑡. As shown in  
Fig. 7(a) and (b). 
 
a) 
 
b) 
Fig. 6. Joint motion diagram in gait rehabilitation:  
a) angular speed variation, b) angular acceleration variation 
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5. Conclusions 
1) A multi-functional series waist rehabilitation bed was designed. It has four degrees of 
freedom, the rotation in the 𝑥, 𝑦, and 𝑧 axis, and the movement in the 𝑧 axis, which realizes 
traction treatment of lumbar spine rotation around coronal axis, vertical axis, sagittal axis and gait 
rehabilitation training. 
2) Make the mechanism sketch and establish the kinematics model of coronal-axis-rotation 
and vertical-axis-rotation parts. The numerical simulation is carried out with this model. The 
velocity and acceleration curves are smooth without mutation. It is known from the dynamics 
knowledge that the waist rehabilitation bed’s movement is stable and safe. 
3) For the waist rehabilitation bed, the reference coordinate system of each link is established 
by D-H, which gives the positional relationship between the links and the end of the bed and 
derives the kinematics of the rehabilitation bed.  
4) According to the law of gait movement, the trajectory of gait rehabilitation function is 
designed. Combining the forward and inverse kinematics solutions, the velocity and acceleration 
curves of each joint are obtained by simulation, which are smooth continuous sinusoidal or cosine 
curves. It shows that the waist rehabilitation bed is effective. 
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